OPEN 3 ACCESS Freely available online 

Modulation of Arm Reaching Movements during 4|\ 
Processing of Arm/Hand-Related Action Verbs with and crossMark 
without Emotional Connotation 

Silvia Spadacenta^'^, Vittorlo Gallese^, Michele Fragola^, Giovanni IVIIrabella^'^* 

1 PhD Program in Neurophysiology, Department of Physiology and Pharmacology, University of Rome La Sapienza, Rome, Italy, 2 Department of Neuroscience, University 
of Parma, Parma, Italy, 3 Department of Physiology and Pharmacology, University of Rome La Sapienza, Rome, Italy, 4 Istituto Neurologico Mediterraneo Neuromed, 
Pozzilli (IS), Italy 



Abstract 

The theory of embodied language states that language comprehension relies on an internal reenactment of the 
sensorimotor experience associated with the processed word or sentence. Most evidence in support of this hypothesis had 
been collected using linguistic material without any emotional connotation. For instance, it had been shown that 
processing of arm-related verbs, but not of those leg-related verbs, affects the planning and execution of reaching 
movements; however, at present it is unknown whether this effect is further modulated by verbs evoking an emotional 
experience. Showing such a modulation might shed light on a very debated issue, i.e. the way in which the emotional 
meaning of a word is processed. To this end, we assessed whether processing arm/hand-related verbs describing actions 
with negative connotations (e.g. to stab) affects reaching movements differently from arm/hand-related verbs describing 
actions with neutral connotation (e.g. to comb). We exploited a go/no-go paradigm in which healthy participants were 
required to perform arm-reaching movements toward a target when verbs expressing emotional hand actions, neutral hand 
actions or foot actions were shown, and to refrain from moving when no-effector-related verbs were presented. Reaction 
times and percentages of errors increased when the verb involved the same effector as used to give the response. However, 
we also found that the size of this interference decreased when the arm/hand-related verbs had a negative emotional 
connotation. Crucially, we show that such modulation only occurred when the verb semantics had to be retrieved. These 
results suggest that the comprehension of negatively valenced verbs might require the simultaneous reenactment of the 
neural circuitry associated with the processing of the emotion evoked by their meaning and of the neural circuitry 
associated with their motor features. 
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introduction 

The way in which concepts are represented is still much 
debated. On the one hand classical theories of cognition [1] or the 
more recent so-called 'disembodied cognition hypothesis' (see [2]) 
state that conceptual representations are amodal or symbolic 
(linguistic), i.e. they are qualitatively distinct and entirely separated 
from sensory and motor information. On the other hand the 
embodied theory of cognition asserts that concepts are grounded 
in bodily experience and thus their understanding relies on an 
internal reenactment of the sensorimotor experience associated 
with that concept (e.g. [3-5]). Therefore, according to the 
disembodied cognition hypothesis the comprehension of the 
concept expressed by the verb 'to cut' would rely on the retrieval 
of a symbolic representation released from any link with 
sensorimotor experience. In contrast, the theory of embodied 
cognition asserts that the understanding of the verb 'to cut' would 
be obtained by an internal reenactment of the sensorimotor 
experience associated with the action described by the verb (with 



or without the concomitant activation of other brain areas; see [6] 
for a review). 

Recently it has been shown that the processing of arm/hand- 
related verbs specifically interferes with arm-reaching movements 
in a go/ no-go task only when word semantics have to be retrieved 
[7]. In the experiments, participants were asked to perform two 
versions of a go/no-go task. In one version of the task, participants 
had to perform arm-reaching movements toward a visual target 
when verbs expressing either hand or foot actions were shown, and 
to refrain from moving when no-effector-related verbs were 
presented (semantics task). It was found that when the verbs 
described an action involving the same effector as used to give the 
response, i.e. the arm, RTs were lengthened and the number of 
errors significantly increased with respect to when the verbs 
described leg-related actions (interference effect). In the other 
version of the task, the same verbs were presented but this time 
participants had to decide whether to move or to stop according to 
the color in which the verbs were printed, disregarding their 
meaning. Under these conditions any difference between arm/ 
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hand- and leg/foot-related verbs disappeared. Even though it 
could be not assessed directly, these results seem to suggest that a 
somatotopic recruitment of effector-related representations in the 
motor system occurs only when the word's semantics has to be 
retrieved, and thus are fully compatible with the embodied theory 
of language (see also [8]). 

It is noteworthy that all verbs employed in the described study 
referred to concrete actions with a clear sensorimotor grounding. 
Thus, as in many other studies in this field (see [4] for a review), it 
remained undetermined whether the representation of more 
abstract concepts could also rely on embodied mechanisms. 
Relevant to this issue are the findings of Kousta et al. ([9], recendy 
replicated by [10]). They reported that, when other confounding 
variables were controlled, lexical decision latencies were faster for 
abstract words than for concrete words, in contrast to the more 
common result whereby reaction times (RTs) are shorter for 
concrete than for abstract words. Crucially, Kousta et al. [9] 
demonstrated that the processing advantage of abstract words was 
due to their higher hedonic valence with respect to that of concrete 
items. Analogous results were obtained by Newcombe et al. [1 1] 
exploiting a semantic categorization task in which participants had 
to perform a key-press either to the presentation of abstract nouns 
or of concrete nouns according to the instruction of the 
experimenters. These findings are consistent with VigKocco et 
al.'s [4] embodied theory of semantic representation, according to 
which sensorimotor experience underlines the processing of 
concrete concepts whereas emotional experience underlines the 
processing of abstract concepts. In other words, while sensorimo- 
tor experience would be crucial for the embodiment of concrete 
concepts, aifcctivc experience would play a key role in the 
embodiment of abstract concepts. According to this view, the 
understanding of abstract concepts such as 'beauty' or 'justice' will 
be derived primarily from the reenactment of the associated 
emotional experience. 

Some other studies have explored the relationship between the 
processing of concrete words with an emotional connotation and 
motor responses (muscle activation or action execution). The aim 
was to demonstrate that at least some words with an affective 
meaning are body-grounded. For instance, Havas et al. [14] 
showed that healthy participants more quickly understood 
pleasant sentences while holding a pen between the teeth (to 
induce smiling) than while holding a pen between the hps (to 
inhibit smiling), and vice versa. Thus, this study showed that the 
physical simulation of emotions facilitated or inhibited the 
processing of words with emotional valence, according to the 
congruence or incongruence of the action performed. In addition, 
Foroni & Semin [12] demonstrated that verbs referring to 
emotional expressions, such as smiling and frowning, elicit the 
same facial muscle activity that occurs when individuals express 
that emotion. Therefore they conclude that comprehending the 
meaning of concrete verbs describing facial expressions induces a 
motor resonantx in the reader. Most importantiy they also showed 
that motor resonance is used in the understanding of emotional 
experience because when it was prevented (e.g. when participants 
held a pen with their lips) it causally influenced the shaping of 
affective judgments. Finally, Chen & Bargh [13] have shown that 
the emotional valence of a word interferes with the execution of a 
movement. In fact, they found that participants were faster to 
identify positive words (e.g. love) when the response consisted of an 
approaching action (arm flexion) than when the response consisted 
of a distancing action (arm extension). The opposite held true for 
negative words (e.g. hate). 

Despite these results, the way in which the emotional meaning 
of a word is understood is still very controversial. To address this 



issue, we studied how the processing of verbs describing concrete 
actions with negative and neutral valence influences the actual 
execution of a goal-directed movement. We employed negative 
verbs because it has been shown that humans preferentially attend 
to negative stimuli rather than positive or neutral ones (e.g. see 
[1,5-16]). This is probably b(;causc the ability to detect information 
with negative emotional value and to respond with an appropriate 
behaviour is critical for our survival, as it could prevent potential 
harm or unpleasant social interactions. 

Thus, using the same go/ no-go design as Mirabella et al. [7] we 
wanted to assess: 1) whether the interference effect is modulated 
differently when participants have to understand arm/hand- 
related verbs describing actions with negative connotation (e.g. to 
stab) with respect to when they have to comprehend arm /hand- 
related verbs describing actions with neutral connotation (e.g. to 
comb); 2) whether such a modulation occurs only when verb 
semantics must be retrieved. It would greatly favor the embodied 
perspective if it were shown that, during language processing, the 
need to retrieve the emotional meaning of action verbs shapes 
motor actions in a way that differs from the situation with 
emotionally neutral verbs. 

Materials and Methods 

1.1. Ethics statement 

The experimental procedures were approved by the ethics 
board of the IRCCS Neuromed hospital and performed in 
accordance with the ethical standards laid down in the 1964 
Declaration of Helsinki. All participants gave written informed 
consent. The following data will be freely available to anyone who 
wiU request them from the ethics committee of the IRCCS 
Neuromed hospital. As this study involve humans, public 
availability would compromise individual privacy. 

1.2. Subjects 

Thirty participants participated in Experiments 1 and 2 for 
course credits (mean age ± SEM: 25.2±0.6 years). AH participants 
were native Italian speakers and were right-handed as assessed 
with the Edinburgh handedness inventory [17]. They had normal 
or corrected-to-normal vision and no history of speaking disorders. 
None of them was informed about the purpose of the experiments. 

1.3. Verbal Stimuli 

For Experiment 1, we selected twenty-four Italian verbs in the 
infinitive form (see Table 1), because* in this form \Trbs engage 
only lexical-semantic retrieval processes whereas the inflected 
forms also engage syntactic and morphophonological integration 
processes (see [18]). Twelve verbs were arm/hand-related verbs: 
six described arm/hand-related actions with neutral connotations 
(e.g. "pettinare": to comb) and six referred to hand/arm-related 
actions with negative emotional connotations (e.g. "accoltellare": 
to stab). Six verbs described leg/foot-related actions (e.g. 
"marciare": to march). Finally six verbs had a meaning which 
did not clearly involve movement of the effectors (e.g. "evapor- 
are": to evaporate). It has to be remarked that in the Italian 
language verbs describing leg/foot-related actions with a negative 
emotional valence as high as those describing arm/hand related 
action do not exist Therefore, unfortunately, it was not possible to 
employ them for a control experiment. 

Items were chosen from a Ust of 80 verbs (20 arm/hand-related 
verbs with negative connotation, 20 arm/hand-related and 20 leg/ 
foot-related verbs with neutral connotation and finally 20 verbs 
with meaning which did not clearly involve movement of the 
effectors) on the basis of their unpleasantness-neutrality and on the 
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basis of the efTector used to perform the action. Forty participants, 
who did not take part in the experiment, completed a question- 
naire in which the emotional valence of each selected verb was 
evaluated on an eight-point scale (—7 meant 'very unpleasant' and 
0 neutral). The final list was composed of the eight verbs with the 
highest negative scores and 24 verbs with the scores closest to zero. 
A one-way analysis of variance (ANOVA; factor: verb categories) 
on valence revealed a main effect [F(3,20) = 240.02, p<0.0001]. 
Post hoc tests (pairwise comparisons with Bonferroni correction) 
showed that it was due to a significant difference bctw(-cn hand/ 
arm-related verbs with negative emotional (xmnotations and all 
the other verb categories (all p<0.0001). Verbs were matched for 
syllable number, word length and total lexical frequency (i.e. 
number of occurrences per ~4,000,000 words; [19]). A one-way 
ANOVA (factor: verb categories) showed no significant differences 
between verb categories for syllable number [F(3,20) = 0.79) = , 
p=:0.51], word length [F(3,20) = 0.15, p = 0.93] or lexical 
frequency [F(3,20) = 1.39, p = 0.27]. 

In addition, 30 participants, who did not take part in the 
experiment, rated the imageabUity and the arousal of all verbs 
through questionnaires. Both imageabUity and arousal were rated 
on a scale ranging from 0 to 7. If the imageabUity of a verb was 
rated 0 it meant that it was "impossible to imagine", while a value 
of 7 meant that the verb was "very easy to imagine". We explained 
arousal to participants as follows: "If a word is arousing, it reflects 
a stimulated, excited, jittery or wide-awake state of feeling. If a 
word is not arousing, it reflects a relaxed, calm, sluggish or sleepy 
state of feeling" [20]. If the arousal of a verb was rated 0, it meant 
that it elicited a "state of feeling completely calm", while a value of 
7 meant that the verb elicited a "state of feeling stimulated". A 
one-way ANOVA (factor: verb categories) showed a main effect of 
imageabUity [F(3,20) = 24.6, p<0.0001]. Post hoc tests (pairwise 
comparisons with Bonferroni correction) revealed that the 
imageabilities of arm/hand-related verbs (both emotional and 
neutral) and leg-related ones did not differ (emotional vs. neutral: 
p = 0.1; emotional vs. leg/foot: p = 0.46; neutral vs. leg/foot, 
p = 0. 1), but they both had a different imageabUity from no- 
effector-related verbs (aU p<0.0001). The same analysis performed 
on arousal showed a main effect [(F(3,20) = 8.35, p<0.001)]. Post 
hoc tests (pairwise comparisons with Bonferroni correction) 
showed, as expected, that arm/hand-related verbs with emotional 
meaning were significanfly different from all other categories (aU 
p<0.01). 

FinaUy, in order to assess whether the verbs we used were 
clearly separable into arm/hand-related, foot/leg-related and no- 
effector-related verbs we administered a questionnaire to 50 
subjects who did not take part in the experiment. On a scale 
ranging from —7 to 7, participants were required to score values i) 
bigger than zero when they considered the verb as describing an 
action performed with the arm/hand, ii) smaller than zero when 
they considered the verb as describing an action performed with 
the leg/ foot and iii) around zero when they considered the verb as 
describing an action which did not clearly involve movement of 
the effectors (see Table 1). A one-way ANOVA (factor: verb 
categories) showed a main effect of effector relatedness 
[(F(3,20)= 1030.56, p<0.0001)]. Post hoc tests (pairwise compar- 
isons with Bonferrtmi correction) showed, as expected, that arm/ 
hand-related verbs with neutral and emotional meaning were not 
significandy different from each other (p = 0. 19). However, they 
were both different from leg/foot- and no-effector-related verbs 
(aU p<0.0001). 

In Experiment 2, three verbs of each categor)^ (i.e. 12 verbs 
overall) were selected from the list used in Experiment 1 and were 
matched for syllable number, word length and lexical frequency. 



(see Table 2). One-way ANOVA (factor: verb categories) showed 
no significant differences between verb categories for syUable 
number [F(3,8) = 0.25, p = 0.86], word length [F(3,8) = 0.81, 
p = 0.52] or lexical frequency [F(3,8) = 0. 1 7, p = 0.99] . In contrast, 
the one-way ANOVA (factor: verb categories) on imageabUity 
revealed a main effect [F(3,8) = 18.02, p<0.001]. Post hoc tests 
(pairwise comparisons with Bonferroni correction) showed that it 
was due to a significant difference between no-effector-related and 
action-related verbs (all p<0.01). Also, the one-way ANOVA 
(factor: verb categories) on arousal revealed a main effect 
[F(3.8) = 11.7, p<0. 00.^5]. As expected, this was due to a significant 
difference between arm/hand-related verbs with emotional 
meaning and the other categories (all p<0.05). We used only half 
of the verbs in each category to reduce the overaU number of trials. 

In Experiment 3, we used the 24 action-related verbs exploited 
in Experiment 1 (six neutral arm/hand-related; eight emotional 
arm/hand-related and eight leg/ foot-related verbs) as real words. 
Pseudo-words were produced by replacing one consonant into the 
first or second syllable of each verb (i.e. "scucire" [to unsew], was 
changed into "scumire"). AU the pseudo-words were pronounce- 
able. 

1 .4. Behavioral tasks 

Participants were required to perform two or three experiments. 
The order of administration was counterbalanced across partic- 
ipants. Tasks were completed in either one or two different 
experimental sessions occurring on different but consecutive days. 

1.4.1. Experiment 1 (semantic task). The experiment was 
carried out in a sound-attenuated and dimly Uluminated room. 
Participants sat comfortably at about 50 cm from a 17-inch PC 
monitor (CRT non-interlaced, refresh rate 75 Hz, 640x480 
resolution, 32-bit color depth) equipped with a touch screen 
(MicroTouch; sampling rate 200 Hz) for touch-position monitor- 
ing. A noncommercial software package, CORTEX (http://www. 
brown.edu/Research/ monkeylogic/), was used to control stimulus 
presentation and to coUect behavioral responses. The temporal 
arrangements of stimulus presentation were synchronized with the 
monitor refresh rate. Participants performed the task with the right 
arm. Each trial began with the presentation of a central red circle 
(diameter: 3.2 degrees of visual angle, dva, or 2.8 cm) that 
participants had to touch with their index finger and to maintain 
touch) for a variable period (400-700 ms). Thereafter, a verb was 
presented just above the central stimulus and participants were 
instructed to carefully read it. When the verb referred to an action 
(go trials) participants had to reach and hold for a variable period 
(300-400 ms) a peripheral red circle (3.2 dva or 2.8 cm diameter) 
appearing on the right side of the screen at an eccentricity of 
9. 1 dva (or 8 cm). Conversely, when the verb described an action 
which did not clearly imply the use of an effector (no-go trials) 
participants had to keep the index finger stUl on the central 
stimulus for 400-800 ms (Fig. 1). Successful trials were signaled by 
acoustic feedback. The go-signal, given by the presentation of the 
peripheral target, was delivered either 53.2 ms after the presen- 
tation of the verb (stimulus onset asynchrony; SOA) or at an SOA 
of 332.5 ms. The purpose of using these two SOAs was to obtain 
data comparable with those of our previous work [7] enabling us 
to assess the timing of the occurrence of eventual effects linked to 
verb processing. Verbs remained visible until the end of the trial. 
All \-erbs were printed in red and were presented against a dark 
background with uniform luminance (<0.01 cd/m^). Each verb 
was presented ten times for each SOA. To discourage participants 
from slowing down responses we set an upper RT limit for go- 
trials: every time RTs were longer that 600 ms, go-trials were 
signaled as errors and aborted (overtime reaching-trials). Overtime 
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reaching-trials were kept for the analyses, with the exception of 
those trials with RTs longer than 800 ms (less than 0.8% of the 
overall overtime reaching-trials). The experiment consisted of 480 
trials, run in four blocks. Verb presentation was randomized and 
error trials were repeated until participants completed the block. 
Very importandy, we instructed participants to move when action 
verbs appeared and to stop at the presentation of no-effector- 
related verbs, but we never explicitly stated that action verbs were 
subdivided into different categories. 

1.4,2. Experiment 2 (color discrimination task). In this 
experiment participants were instructed to execute or withhold 
arm movements according to the color in which verbs were 
printed. Each trial started with the presentation of a central 
stimulus (a grey circle with a diameter of 3.2 dva or 2.8 cm) that 
participants had to touch and hold for a variable period (400- 
700 ms). Thereafter, a verb was displayed above the central 
stimulus. When the verb was printed in green, participants were 
instructed to reach, as fast as possible, the peripheral target (a grey 
circle with a diameter of 3.2 dva or 2.8 cm) which was presented 
on the right side with an eccentricity of 9.1 dva (or 8 cm). 
Conversely, when the verb was printed in red, subjects had to 
refrain from moving (Fig. 2B). As in Experiment 1, we set the 
upper RT limit for go-trials to 600 ms. Overtime reaching-trials 
were kept for the analyses if they were shorter than 800 ms (less 
than 0.3% of the overall overtime reaching-trials were excluded). 
Each verb (12 verbs overall) was presented six times at each SO A, 



once in green and once in red. The experiment thus consisted of 
288 trials, run in two blocks. Again, participants performed the 
task with the right arm. 

1.4.3. Experiment 3 (lexical discrimination task). The 

procedure was identical to that described for Experiment 1, except 
that participants were required to move when a real word was 
presented and to refrain from moving when pseudo-words were 
shown (Fig. 2A). Each verb (48 overall: 24 real verbs and 24 
corresponding pseudo-words) was presented five times for each 
SOA. The experiment thus consisted of 480 trials, run in four 
blocks. Participants always employed the right arm. 

1.4.4. Data analyses. For each participant, the mean RTs of 
correct trials and the mean percentages of errors were calculated 
for each verb category. The RT was determined as the time 
diflFerence between the time of occurrence of the go-signal and 
movement onset. AH the RTs of correct trials were included. We 
analyzed only the errors made during the go trials. Within this 
framework, we defined errors as those instances in which 
participants remained still on the central stimulus. We did not 
consider: i) errors on no-go trials (because in the semantic task they 
were related just to verbs whose meaning did not clearly involve 
movement of the effectors); ii) early responses, i.e. instances in 
which participants touched the monitor before the appearance of 
the central stimulus or instances in which they moved the arm 
while holding the central stimulus (about 1.45% of the overall 
trials); iii) missed responses, i.e. instances in which participants did 



GO TRIALS 



No-go trials 



Neutral 
hand-related 
verbs 



Emotional 
hand-related 
verbs 



Foot-related 
verbs 



Abstract 
verbs 




Figure 1. Schematic representation of semantic task. Each trial started with the presentation of a central red circle that participants had to 
touch and hold for a variable period. Then, a verb was shown above the central stimulus. After a variable delay (stimulus onset asynchrony; SOA) a 
peripheral target appeared. Participants were asked either to touch it, if the meaning of the verb referred to a concrete action (go-trials), or to refrain 
from moving if it had a content which did not clearly involve movement of the effectors (no-go trials; see Methods for more details). 
doi:1 0.1 371/journal.pone.01 04349.g001 
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A B 

GO TRIALS No-GO TRIALS GO TRIALS No-GO TRIALS 




Figure 2. Schematic representation of control tasks. (A) Color discrimination task. Each trial started with the presentation of a red central 
target that participants had to touch and hold for a variable period. After a variable SOA a peripheral target appeared and participants were asked 
either to touch it if it was a real word (go-trials) or to stay still if it was a pseudo-word (no-go trials; see Methods for more details). (B) Lexical task. 
Each trial started with the presentation of a grey central target that participants had to touch and hold for a variable period. After a variable delay 
(stimulus onset asynchrony; SOA) a peripheral target appeared and participants were asked either to touch it, if it was printed in green (go-trials) or to 
stay still if it was printed in red (no-go trials; see Methods for more details). 
doi:1 0.1 371/journal.pone.01 04349.g002 



not touch the central target at the beginning of the trial or they 
never moved their finger from it (about 0.26% of the overall trials). 
Both missed and early responses are indices of the attention that a 
given participant pays to the task and, crucially, they did not differ 
across the three tasks. 

Repeated-measures ANOVAs were performed to assess differ- 
ences in RTs and error rates with respect to the verb category and 
the two SOAs in the three experiments. Mauchley's test evaluated 
the sphericity assumption and, where appropriate, correction of 
the degrees of freedom was made according to the Greenhouse- 
Geisser procedure. Bonferroni correction was applied to all post 
hoc tests (pairwise comparisons). In order to control for the sample 
size, for each statistic we computed the eta-squared (r|^), a 
coefficient that estimate the so-called "effect size". An effect size is 
a measure used for describing the degree of relationship between 
dependent and independent variables independentiy of the sample 
size. Values of higher than 0.14 indicate strong effect sizes, 
namely that the F-values obtained are unlikely to depend on the 
sample size. Values of around 0.06 indicate medium effect size, 
and values smaller than 0.01 indicate small effect sizes [2i-22]. 

In addition, a linear mixed model was employed to account for 
fixed and random effects [23-24]. This analysis allows exclusion of 
the possibility that any difference between verb categories could be 
due to variability embedded in the verbs chosen instead of being a 
genuine effect of verb category per se. We considered as fixed 



effects the factors verb category (mean RTs or mean percentage of 
mistakes obtained for neutral arm/hand, emotional arm/hand 
and neutral leg/foot verbs), and SOA (53.2 ms/332.5 ms) while 
the factors words (mean RT or mean percentage of mistakes 
obtained at each verb) and participants were considered random 
effects. 

Results 

2.1. Semantic task 

As a fu-st step, we assessed the effect of verb categories on 
reaching movements by comparing the length of RTs and the 
error rates with a two-way repeated-measures ANOVA [factors: 
verb category (emotional arm/hand-related, neutral arm/hand- 
related and leg/foot-related verbs); and SOA (short: 53.2 ms, long: 
332.5 ms)]. 

For RTs (see Fig. 3A and Table 3) we found a main effect of 
verb category [F(2,58) = 43.6, p<0.0001, ri2 = 0.11] and of SOA 
[F(l,29)= 1441.44, p<0.0001, ti2 =0.93]. In agreement with our 
previous results [7] , we found that RTs to both categories of arm/ 
hand-related verbs were significantly longer than those in response 
to leg/foot-related ones (pairwise comparisons, all p<0.001). This 
finding indicates once more the occurrence of an interference 
effect when participants perform a movement after reading a verb 
which describes an action involving the same effector used to give 
the response. However, in addition we also found that participants 
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Figure 3. Effect of verb category on arm reaching movements in a semantics task. Average values of RTs (A) and mean percentage of 
errors (B) recorded when participants responded after reading neutral or negative valence arm/hand-related verbs, and neutral leg/foot-related verbs 
at a stimulus onset asynchrony (SOA) of 53.2 ms or 332.5 ms (see text for details of statistical analysis). Ranking of the mean RTs for each neutral or 
negative valence arm/hand-related and foot-related verb at a stimulus onset asynchrony (SOA) of 53.2 ms (C) and at an SOA of 332.5 m at each SOA 
(D). 
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reacted significantly faster to negative valence arm/hand-related 
verbs than to neutral ones (pairwise comparison, p<0.05). The 
effect on the factor SOA was determined by a significant slowing 
of RTs when the go-signal was delivered at 332.5 ms after verb 
presentation (see Table 3). 

The analysis of the error rates (see Fig. 3B and Table 3) showed 
a main effect of verb category [F(2, 58) = 9.62, p<0.0001, 



r|~ = 0. 1]. As previously found [7], participants made more errors 
when they moved after reading arm/hand-related verbs (inde- 
pendendy of their valence) than after reading leg/foot-related 
verbs (pairwise comparisons, all p<0.01). No significant differ- 
ences emerged between emotional and neutral arm/hand-related 
verbs (pairwise comparisons, p = 0.21) even though the number of 
errors was smaller for the former than for the latter. Neither the 
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Table 3. Summary of semantics task results. 





VERB CATEGORY 


SOA 




Emotional arm/hand-related 


Neutral arm/hand-related 


Leg/foot-related 


53.2 ms 


RTs (ms) 


427.84±6.4 


434.3±6.5 


419.6±6.1 




% Errors 


3.66 ±0.6 


4.69±0.65 


2.5±0.47 


332.5 ms 


RTs (ms) 


252.1 ±6.2 


260.5 ±5.6 


241.8±6.5 




% Errors 


2.85±0.55 


3.95±0.7 


1.93 ±0.5 



Mean (SEM) values of reaction times (RTs) and of rate of errors (% Errors) are reported for each verb category. 
doi:l 0.1 371 /journal.pone.Ol 04349.t003 



SOA [F(l,29) = 3.2, p = 0.08, ri2 = 0.02] nor the interaction 
between the two factors [F(2,58) = 0.04, p = 0.95, ri2 = 0.001] 
reached significance. 

In summary, the semantic task showed the emergence of an 
interference effect when participants executed reaching arm 
movements after the presentation of arm/hand-related verbs. 
However, on top of tliis we also found that the emotional 
connotation of verbs elicited a further modulation of the 
interference, given that reaching movements were executed faster 
after reading negative than neutral valence arm/hand-related 
verbs, and participants tended to make fewer errors in the former 
tlian in the latter case. 

Importandy, the upper panels of figure 3C and 3D show that, as 
far as the overall RTs are concerned, both the modulations linked 
to verb categories were present at each item and at both SOAs, 
suggesting that this phenomena could not be due to the attributes 
of the chosen verbs. To assess statistically this fmding, we analyzed 
the RTs using a linear mixed model considering both participants 
and verbs as random factors, while verb category and SOA were 
the fixed factors. We found that both frxed factors, but not their 
interaction, were significant [verb category: F(2,15) = 3.81, p< 
0.05; SOA: F(l, 1030) = 9294.7, p<0.0001]. 

As error trials were repeated until a fuced number of correct 
responses was obtained, we performed the same item-by-item 
analysis done on mean RTs in order to investigate whether the 
average error percentage might reflect the same error performed 
again and again on the same verb. This was not the case, as shown 
in the bottom panels of Fig. 3C and 3D, because the mean 
percentage of errors was similar across the three verb categories 
even considering single items. The linear mixed-model analysis on 
the error rate (frxed factors: verb category, SOA and arm; random 
factors: participants and verbs) showed that only the factor verb 
category was significant [F(2,15) = 5.87, p<0.0.5]. 

AH in all, these findings indicate that the differences we observed 
between the mean RTs or the mean percentage of errors among 
the three verb categories could not be ascribed to the variability 
embedded either in the words or in the participants selected. 

2.2. Color discrimination task 

In order to assess whether any sort of interference effect would 
be wiped out when the cue for solving the task was a non-linguistic 
one, we asked participants to respond or to withhold their 
movements according to the color in which verbs were printed. 

Exploiting the same two-way repeated-measures ANOVA 
design used before, we found that under this experimental 
condition neither RTs nor the percentage of errors changed 
according to the verb category (see Fig. 4 and Table 4). 

In fact, the ANOVA on RTs showed no main effect of verb 
category [F(3,87) = 1.14, p = 0.3, r|" = 0.01] and no interaction 



[F(3,87) = 2.48, p = 0.07, ri^ = 0.005] . This analysis revealed only a 
main effect of SOA [F(l,29) = 970.89, p<0.0001, r]^ = 0.83], as 
RTs were slower when the go signal was given after the short than 
the long SOA (353.3±7 ms vs. 199.4±6.52 ms). The analysis of 
the error rate revealed no effects of verb category [F(3, 87) = 0.4, 
p = 0.76, ri- = 0.005] and no interaction [F(3,87) = 0.6, p = 0.6, 
r\' = Om], but there was a main effect of SOA [F(l,29) = 10.74, 
p<0.005, ri^ = 0.13] due to a lower number of mistakes at the 
short than at the long SOA. Probably this was due to a trade-off 
between the speed of the response and its accuracy. Thus, when a 
non-linguistic feature was the cue for moving, all differences 
between verb categories disappeared. 

2.3 Lexical discrimination task 

Given that Sato et al. [8] showed that when a lexical task was 
administered to participants the interference effect disappeared, 
we aimed to replicate this result using a different hst of verbs. In 
addition, we also wanted to assess whether and possibly how the 
negative connotation of verbs affects the RTs and the error rates of 
reaching movements under these experimental conditions. 

As shown in Figure 5A and Table 5, RTs were longer and the 
error rates were higher for emotional than for neutral arm/hand- 
related verbs and for leg/foot-related verbs. 

We compared the length of RTs and the error rates with a two- 
way repeated-measures ANOVA [factors: verb category (emo- 
tional arm/hand-related, neutral arm/hand-related and leg/ foot- 
related verbs) and SOA (short: 53.2 ms, long: 332.5 ms)]. We 
found a main effect of the factor verb category [F(2,44) = 18.6, p< 
0.0001, ri^ = 0.09] and of the factor SOA [F(l,22) = 1978.5, p< 
0.0001, r\^ = 0.9]. Post hoc analysis (pairwise comparisons) 
revealed that participants were significantly slower after reading 
an emotional arm/hand-related verb than after either a neutral 
arm/hand-related or a leg/foot-related verb (p<0.05). In addition, 
participants showed significantly longer RTs after reading foot- 
related verbs than neutral hand-related verbs (p<0.005). The 
main effect of the factor SOA was due to the fact that overall 
participants were slower for the short than for the long SOA. 

The error rate analysis (see Fig. 5B, Table 5) showed a main 
effect of verb category [F(2, 44) = 13.4, p<0.001, ri^ = 0.1 1] and of 
SOA [F(l,22) = 4.33, p<0.05, 11^ = 0.07], but not a significant 
interaction [F(2,44) = 2.6, p = 0.08, ti^ = 0.03]. Participants made 
more errors after reading verbs with emotional meaning than after 
reading neutral arm/hand-related verbs (pairwise comparisons p< 
0.05). In addition, participants made more errors after the short 
than after the long SOA (p<0.005). 

As for the semantic task, in order to exclude that the differences 
we found could be due to variability embedded in the chosen 
verbs, we performed the item-by-item analysis on both the mean 
RTs and the mean percentage of errors (fig. 5C and 5D). Again, 
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Figure 4. Effect of emotional meaning on arm reaching movements in tKie color discrimination task. Average values of RTs (A) and mean 
percentage of errors (B) recorded when participants responded after reading neutral or negative valence arm/hand-related verbs, neutral leg/foot- 
related verbs and no-effector-related verbs at a stimulus onset asynchrony (SOA) of 53.2 ms or 332.5 ms. See text for details of statistical analysis. 
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we exploited a linear mixed model considering participants and 
verbs as random factors, and verb category and SOA as fixed 
factors. 

As far as the mean RTs is concerned both fixed factor were 
significant [verb category: F(2,15) = 3.97, p<0.05; SOA: 
F(l,785) = 4352.1, p<0.0001]. DiflFerendy the analysis of the 
mean percentage of errors revealed that only the frxed factor 
SOA was significant [F(l, 785) = 16.293, p<0.0001] while the 
factor verb category was not significant [F(2,15) = 316, p = 0.07]. 
However given that the pattern of the modulations linked to verb 
categories were very similar across single items (see fig. 5C and 5D 
bottom panels) and that the p value was very close to be 
significant, we believe, as for mean RTs, that the differences we 
observed between the mean percentage of errors should be truly 
related to the category of verbs. 



Overall, the lexical task revealed a different type of interference 
based on the emotional valence of the verbs while for verbs with 
neutral valence revealed the existence of a faciUtatory effect. 

2.4. Comparisons across tasks 

Since the designs of the three experiments were similar, we tried 
to provide a direct demonstration that indeed the eflFect of verb 
categories on reaching movements were fundamentally different as 
task demands change. To this end, we performed two separate 
two-way repeated-measures ANOVAs [factors: verb category 
(emotional arm/hand-related, neutral arm/hand-related and 
leg/foot-related verbs); and task (semantic task, color discrimina- 
tion task and lexical task)] one on the RTs and the other on the 
error rates. Since previous analysis did not show interaction 
between SOA and verb category in any of the experiments, we 
collapsed over SOA both the RTs and the error rates. These 



Table 4. Summary of color discrimination task results. 









VERB CATEGORY 








SOA 




Emotional arm/hand- 
related 


Neutral arm/hand-related 


Leg/foot-related 


No-effector-related 


53.2 ms 


RTs (ms) 


348±6.9 


354.5±6.6 


352.2±7.2 


358.4±7.2 




% Errors 


1.76±0.7 


1.39±0.6 


1.21 ±0.4 


0.64±0.3 


332.5 ms 


RTs (ms) 


201.1 ±6.3 


195.9±5.9 


200±7.2 


200.4±6.7 




% Errors 


41 ±1.2 


3.4±0.9 


3.37±1 


4.36±1.1 



Mean (SEM) values of reaction times (RTs) and of rate of errors ( 
doi:1 0.1 371/journal.pone.01 04349.t004 



I Errors) are reported for each verb category. 



PLCS ONE I www.plosone.org 



10 



August 2014 | Volume 9 | Issue 8 | e104349 



Verbs, Emotions and Reaching Movements 



A. REACTION TIMES 



B. MISTAKES 




^10 



53.2 332.5 
SOA (ms) 




SOA (ms) 



C. SOA: 53.2 



D. SOA: 332.5 ms 



550 




400 



1 2 3 4 5 
Verb triplets 



S 300 



ra 250 



200 




2 3 4 5 6 
Verb triplets 




2 3 4 
Verb triplets 



o> 
S 



12' 



1 2 3 4 5 6 
Verb triplets 



■ Emotional arm/hand-related verbs 

■ Neutral arm/hand-related verbs 
□ Leg/foot-related verbs 

Figure 5. Effect of emotional meaning on arm-reaching movements in the lexical discrimination task. Average values of RTs (A) and 

mean percentage of errors (B) recorded when participants responded after reading neutral or negative valence arm/hand-related verbs and neutral 
leg/foot-related verbs at a stimulus onset asynchrony (SOA) of 53.2 ms or 332.5 ms. See text for details of statistical analysis. Ranking of the mean RTs 
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doi:1 0.1 371 /journal.pone.01 04349.g005 



analyses were performed only on the 23 participants that took part 
to all the experiments (Table 6). 

The RT analysis showed a main effect of the factor task |T(1.53, 



33.64) = 225.25, p<0.0001, 



--0.76] 

,2 . 



and of the factor verb 
category [F(2,44) = 6.65, p<0.005, ri^ = 0.01]. Post hoc analysis 
(pairwise comparisons) on the factor task revealed that participants 
were significantly slowest when performing the lexical task and 



were fastest during the color discrimination task (all p<0.0001). 
The main effect of verb category was due to the fact that overall 
participants were significantiy slower after reading an emotional 
arm/hand-related verb than after reading a leg/foot-related verb 
(pairwise comparisons, p<0.01). Crucially this analysis revealed a 
significant interaction between task and verb category 
[F(2,44) = 21.15, p<0.0001, Ti^ = 0.07]. Post hoc analysis revealed 
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Table 5. Summary of lexical task results. 





VERB CATEGORY 


SOA 




Emotional arm/hand-related 


Neutral arm/hand-related 


Leg/foot-related 


53.2 ms 


RTs (ms) 


513.1 ±9.5 


484.9 ±8.2 


506.6 ±8.2 




% Errors 


7.11±1.6 


3.35±0.6 


4.97 ±0.8 


332.5 ms 


RTs (ms) 


304.9±10.2 


283 ±8.48 


289.4±6.7 




% Errors 


3.62 ±0.74 


2.49±0.66 


2.38±0.6 



Mean (SEM) values of reaction times (RTs) and of rate of errors (% Errors) are reported for each verb category. 
doi:l 0.1 371 /journal.pone.Ol 04349.t005 



that all verb categories were significantly difTerent in the lexical 
task and in the semantic task, but not in the color discrimination 
task. In the semantic task participants were slower after reading 
arm/hand-related verbs than a leg/foot-related verb (all p< 
0.005). However they exhibited shorter RTs after reading an 
emotional rather than a neutral arni/hand-related verb (p<0.005). 

The error rate analysis (see Table 6) did not reveal any main 
effects [task: F(2, 44)= 1.95, p = 0.15, r|- = 0.06; verb category: 
F(2,44) = 2.875, p = 0.05, ri^ = 0.01], but it showed a significant 
interaction [F(2,44) = 4.74, p<0.005, r|^ = 0.1]. This interaction 
was due to i) the higher percentage of mistakes made by 
participants in the semantic task after reading verbs with neutral 
meaning than after reading emotional arm /hand-related verbs 
(pairwise comparisons p<0.05) or leg/foot-related verbs (p< 
0.005); and ii) the higher percentage of mistakes made by 
participants in the lexical task after reading verbs with emotional 
meaning than after reading neutral arm/hand-related verbs 
(pairwise comparisons p<0.05). 

All in all these results provide a strong support for the existence 
of the different patterns observed in the analyses conducted on 
each task separately. 

2.5. Movement times were never modulated 

Reaching movements allow the measurement of movement 
times (MTs), which were determined as the time difiFerence 
between time of movement onset and the time at which 
participants touched the peripheral target. This variable could 
potentially provide more information on the interaction between 
action-verb and motor cortex, so we analyzed the MTs as we did 
the RTs. However, as previously found [7], MTs were not 
modulated in any task (not shown). This could be either due to the 
fact that neural processes occurring during the execution of 
reaching movements are different from those occurring during 



their preparation or because of the greater variability of MTs than 
of RTs. It is very unlikely that the absence of the modulation of 
MTs could be due either to the relatively small distance of the 
target or because of the repetitive nature of the movement because 
in other experiments, in which peripheral stimuli were presented 
in the same position as the present one, we showed that MTs could 
be modulated according to the experimental context [25-26] . 

Discussion 

Evidence for an interplay between motor responses and 
action language with neutral or negative connotation 

This study shows for the first time that arm/hand-related verbs 
describing concrete actions with negative connotation modulate 
reaching movements in a different way from arm/hand- or leg/ 
foot-related verbs describing actions with neutral connotation, 
provided that participants need to retrieve the semantics of the 
verb to solve the task. In fact, on the one hand, in the semantic task 
we found that reaching movements were slower and participants 
made more errors when they had to move after reading arm/ 
hand-related verbs than after reading leg/foot-related verbs. 
These results nicely replicate our previous findings using different 
lists of verbs [7]. Crucially, on the other hand, we also found that 
the emotional connotation of arm/hand-related verbs further 
modulates the interference effect, speeding up RTs of reaching 
movements and decreasing the number of errors compared to 
neutral arm/hand-related verbs. 

Firstly, these findings further support the link between action- 
related language and motor acts, suggesting that the motor system 
might play a role in understanding the meaning of an action word. 
By stating an involvement of the motor system, we do not want to 
exclude a priori that other brain regions participate in the 
processing of action-related word semantics. In fact, it is more 



Table 6. Summary of results obtained in each task after collapsing data over SOAs. 



VERB CATEGORY 



TASK 




Emotional arm/hand-related 


Neutral arm/hand-related 


Leg/foot-related 


Semantic task 


RTs (ms) 


334.4±4.9 


344.6±4.3 


324.6±5.4 




% Errors 


3±0.5 


4.6 ±0.8 


2.2 ±0.5 


Color discrimination task 


RTs (ms) 


268.7 ±6.7 


269.2±5.6 


268.3±6.3 




% Errors 


2.8±0.9 


2.2±05 


2.2 ±0.6 


Lexical discrimination task 


RTs (ms) 


409±8.9 


383.9±7.8 


398±6.9 




% Errors 


5.4±1.1 


2.9 ±0.5 


3.7 ±0.6 



Mean (SEM) values of reaction times (RTs) and of rate of errors (% Errors) are reported for each verb category. 
doi:1 0.1 371 /journal.pone.Ol 04349.t006 
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likely that semantics could be processed by a distributed network 
of cortical areas encompassing both non-motor and motor regions 
(see [27]). As such, these data are compatible, at least, with the 
'weak' versions of the embodied theory of language, which 
proposes that semantic representations are partly constituted by 
sensorimotor information [6]. 

It is noteworthy that it was recendy claimed that go/no-go 
paradigms would not be suitable for testing the involvement of the 
motor system in action-language understanding (see [28]). In a go/ 
no-go task in which the cues to move are words, first of all 
participants must recognize words, then retrieve th(-ir meaning 
and finally interpret the meaning according to the task rule in 
order to generate the appropriate response. Postle et al. [28] 
argued that, in this context, the high relatedness proportion of the 
go-condition (in our case T3%) would "induce expectancy sets that 
participants use to strategically enhance their performance in 
semantics matching tasks". Therefore any influence on go- 
responses would be post-lexical and utilized solely to perform 
the required task. However, in our task we required participants to 
simply discriminate between concrete action-related and no- 
eflfector-related verbs. We never mentioned the presence of 
different categories of concrete verbs, nor did participants ever 
report having noticed this feature of the task. Furthermore, 
reaching movements were always the same, despite verb category. 
Thus, arguably, the expectancy or the level of alertness for 'go' 
conditions were surely higher than for the no-go conditions, but 
did not differ across different verbs categories. What influenced 
participants' performance was the relationship between the action 
described by the verb and the effector used to give the response. 
We agree that per se our results do not indubitably lead to the 
conclusion that the a( ti\ity of cortical motor regions is causally 
related to action-language understanding. However, together with 
similar evidence from other behavioral studies (e.g. see [29]), from 
studies showing that processing of action-verb information 
depends on the integrity of the motor system [30-31] and from 
studies showing that somatotopic magnetic stimulation of the 
motor system specifically influence the processing either of action 
words [32] or of sentences describing actions [33], our findings 
support the notion that the motor system plays a role in 
understanding the meaning of an action word, possibly interacting 
with other areas. 

Secondly, for the first time, we showed that the emotional 
valence of motor verbs affects the execution of actions, in a way 
that difiers from to that driven by neutral motor verbs. In other 
words, the reenactment of motor schemas associated with the verb 
is likely to be affected by its valence. This effect strongly suggests 
the existence of a link between the processing of the emotional 
connotation of a verb and the processing of the motor information 
carried by its meaning. Importantly, in the semantics task, 
participants were explicitly required to discriminate only between 
action-related and no-effector-related verbs, i.e. they were not 
required to pay attention to the emotional valence of the verb. As a 
consequence, the emotional m(;aning was probably automatically 
integrated into the semantics analysis. Thus, it might be plausible 
that when participants are required to retrieve the semantics of the 
verbs, the motor system and the neural substrates involved in 
experiencing and understanding emotions (e.g. the limbic cortex, 
the amygdala) act in concert. Further studies implying recording of 
neural signals from the motor cortex during the execution of such 
a task might reveal whether the semantic processing of verbs with 
positive or negative valence increases or decreases the amount of 
motor activity with respect to the semantic processing of neutral 
verbs. 



With respect to previous studies showing that the emotional 
connotation of words affects the execution of movements (e.g. 
[13,34-35]) and the production of facial expression (e.g. [12]), our 
study provides more direct evidence in support of the embodiment 
of the emotional valence of words. Indeed, we compared the effect 
of verbs that had the same sensorimotor grounding but a different 
emotional valence. In other words, according to the embodied 
theory of language, the understanding of the verb's meaning 
required in both cases the activation of the corresponding motor 
schemas but, in the case of negative verbs only, the emotional 
experience evoked by the verb also had to be re(-nacted. In fact, 
our results indicate that when sensorimotor and emotional 
information coexists in the same verb, the understanding of its 
semantics relays on the reenactment of both the sensorimotor 
experience and of the emotional experience associated with the 
given action word. 

It is noteworthy that the effects of verb categories on the speed 
and on the accuracy of reaching movement execution were the 
same at both SOAs. Thus, both the interference effect and the 
effect due to the emotional connotation of words occurred when 
the delay between the verb presentation and the go-signal was as 
littie as 53.2 ms and did not end even when the SOA was 
332.5 ms. These results are in full agreement with those of a 
previous study [7], and seem to indicate that verb processing could 
take place quickly, before the time thought to be sufficient to 
recruit frontal areas during reading [36] or word recognition [37]. 
An intriguing and testable possibility is that such a quick 
processing might be due to the automatic activation of the 
sensorimotor experience associated with the action described by 
the verb displayed. This is compatible with previous evidence 
showing that subliminally presented words automatically pre- 
activate essential parts of the cerebral networks recruited by 
language processing [38-39]. 

Finally, it has to be remarked that the overall amplitude of the 
interference effect is relatively small, in terms of both RTs and 
error rates. As we have pointed out in a previous work [7], this 
phenomenon represents a cost which is intrinsic to the way in 
whi[:h the neural network subserving action-language processing is 
buUt. To allow quick reactions in the presence of action-language 
material, this cost must not be too high. As a consequence, we 
expected that the modulation of the interference effect by the 
emotional valence of the verbs should have been even smaller, as it 
was. Nevertheless it was significant and very consistent across 
participants. 

When the cue for solving the task was the color of the 
printed verbs there was no effect on arm-reaching 
movements 

To assess whether the interference between actions and verbs 
occurs only when the semantic content of a verb has to be 
retrieved, we ran two different control tasks. In the first one, the 
color discrimination task, participants had to move or withhold 
reaching movements according to a non-linguistic feature of verbs 
(i.e. the color of the printed verb). In agreement with our previous 
findings (see [7]), we did not find an interference effect, 
unequivocally indicating that the phenomenon takes place only 
when understanding of verbs' semantics is needed. In addition, 
under these experimental conditions, the emotional connotation of 
the verb did not affect the reaching movements at all. Similar 
results were obtained by Fruhholz et al. [40]. They instructed 
participants to name the color of neutral or negative verbs and 
they did not find any difference either in RTs or in the error rates 
between the two categories. 



PLOS ONE I www.plosone.org 



13 



August 2014 I Volume 9 | Issue 8 | e104349 



Verbs, Emotions and Reaching Movements 



These findings indicate that valence of words affect actions only 
when their semantics have to be processed to solve the task. The 
same holds true as far as the interference effect is concerned. 
However, we do not exclude the possibility that even in this task 
participants read the verbs. It is likely, however, that in the color 
discrimination task the semantic analysis is not performed, being 
useless. 

The lexical discrimination task 

We administered a lexical task as a further control of the results 
obtained in the semantic task because Sato et al. [8] showed that 
when employing a lexical task the interference effect disappeared. 

In the lexical discrimination task, participants had to decide 
whether to move or to refrain from moving according to a 
linguistic rule (whether a word was sensible or not), which did not 
exphcidy require understanding of the semantics of the verb. In 
fact, as Sato et al. [8] suggested, it is plausible that, as nonsense 
words differed from sensible verbs only by the replacement of one 
consonant in the first or second syllable, participants solved the 
task not by retrieving the semantics of the verbs but by processing 
their phonological features (see [41]). Indeed Yap et al [42] 
showed that lexical decisions may be influenced by many other 
variables, such as the number of contexts in which a word has 
been seen or the number of semantic neighbors. Thus, the extent 
of variability in the information associated with a word's meaning, 
i.e. its "semantic richness" [4.3], might influence in complex ways 
the outcome of the lexical task. However, it has been shown that 
whik; semantic classification's emphasis is on the word's meaning, 
lexical task classification's emphasis is on the word's form [42]. 
Consequently, the semantic and the lexical tasks have to be 
considered as different. 

In agreement with the results of Sato et al. [8] , we found that, in 
the lexical task, there were no differences in terms of either RTs or 
error rates between reaching movements executed after reading 
neutral arm/hand- and leg/foot-related verbs. However, we also 
found that RTs of reaching movements executed after reading 
negative valence arm/hand-related verbs were longer and their 
performance was less accurate than that shown after reading verbs 
of the other two categories. These results agree with those 
obtained by Kuperman et al [44] , who found that negative valence 
of a word slows down lexical decisions with respect to words with 
neutral and positive valence, following a monotonic pattern. 

We interpret this finding as follows. We employed verbs with 
negative emotional connotations and it has been shown that 
negative stimuli attract attention more efficiently than positive or 
neutral ones (e.g. see [15-16]). This is probably because the ability 
to detect information with negative emotional value and to 
respond with an appropriate action is critical for our survival, as it 
could prevent potential harm or unpleasant social interactions. In 
contrast, detection of positive stimuli (related to feeding or 
procreation) is less pressing [45]. This view is also known as the 
automatic vigilance hypothesis, and it holds that, according to the 
task at play, negative stimuli attract more attention (preferential 
engagement) or hold attention longer (delayed disengagement) 
than neutral or positive stimuli. 

For instance, on the one hand it has been shown that when 
masked words are briefly presented, negative words are detected 
with better accuracy and higher sensitivity than positive or neutral 
ones [15,46]. However, on the other hand it has also been shown 
that using an emotional version of the Stroop paradigm, naming 
the color of a neutral word is slower when it is preceded by a 
negative word than when preceded by a positive or neutral word 
[47] . These findings indicate that the effect of threatening stimuli 
on attention depends upon the task's rules. Consequently the effect 



of those stimuli on behavioral responses would also depend upon 
the experimental conditions. In fact, from an ethological point of 
view, threatening stimuli are very likely to exert different 
behavioral effects according to the situations. In some instances 
they might require quick actions, such as fleeing or fighting (e.g. 
when there is no other way to face a predator) but in other 
instances they might require freezing (e.g. when it is possible to 
hide from a predator). 

In line with this hypothesis, Estes & Verges [,35] showed that 
negative words elicit faster responses with respect to words with a 
positive meaning when participants were required to judge their 
valence, but when participants had to perform lexical decisions the 
same negative words slowed down responses. These results 
resemble the ones we obtained. In the semantic discrimination 
task the negative valence of the verbs probably attracted 
participants' attention, speeding up the semantic analysis and, 
consequentiy, improving response accuracy and shortening the 
RTs of arm-reaching movements. In the lexical discrimination 
task, the emotional connotation of the verbs probably still 
automatically attracted participants' attention but as it was not 
response-relevant, given that the task did not explicitly require 
semantics retrieval, it induced a slowing down of responses and an 
increase in the error rates. 

In addition, we also found that in the lexical task RTs are 
shorter for leg/foot-related verbs than for neutral arm/hand- 
related verbs. These results overlap with those obtained by Sato et 
al [8], who also found that, in a lexical task, responses to neutral 
arm/hand-related verbs were faster than those to leg/foot action- 
related verbs by about 10 ms. However, this difference did not 
reach a statistical significance. Similarly, ScoroUi & Borghi [48], 
using sentences that could refer either to an action usually 
performed with the hand (e.g. to throw the ball), or with the foot 
(e.g. to kick the ball), found a facilitation in responses given with 
the effector described in the language material. Thus one possible 
explanation of our data is that, only for verbs with neutral valence, 
a facilitator^' effect occurs when the effector used is the same 
described by the verbs. However this effect is wiped away when 
the verb has a negative valence. Further experiments are needed to 
check this hypothesis. 

Finally, it must be stressed that even though in both lexical and 
color discrimination tasks semantics analysis is not required, the 
lexical task stUl requires a structural analysis of the verb, whereas 
the color task requires just a perceptual analysis. In fact, the color 
discrimination task is far less difficult than the lexical task, as 
epitomized by the shorter RTs and fewer errors displayed by 
participants. 

Conclusions 

AU in EiU our results suggest that the comprehension of the 
emotional meaning of a verb implies the reenactment of the neural 
circuitry associated with the processing of the corresponding 
emotional experience as well as the reenactment of the 
corresponding motor schemas. In addition we showed that the 
processing of verbs' valence has a different impact on participants' 
motor performances. When the semantics of the verb must be 
retrieved, the automatic attraction of attention exerted by negative 
verbs allows faster processing of the semantic txjntent and makes 
participants react faster and more accurately. When solving a 
lexical task, the automatic attraction towards emotional verbs 
impedes the decision-making process, increasing RTs and error 
rates, because the linguistic analysis required to solve the task 
requires not semantic but phonological analysis. Finally, when no 
linguistic analysis is required, as in the color discrimination task. 
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no interference or modulation exerted by the emotional conno- 
tation occurs. 

These differential task-related effects represent indirect evidence 

of the interplay between neural substrates processing emotions and 
motor responses during language processing (for evidence of such 
interplay outside the domain of language, see [49]). As such they 
are fully compatible with the embodied language hypothesis. 
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